In this paper, a set of multiple-quantum-well (MQW) laser parameters is proposed for simulation of optical transmission systems at 20 Gbit/s. The parameters have been estimated by joint fitting of a small signal intensity modulation (IM) response model to five measured IM response curves of a strained layer MQW laser, using the LevenbergMarquardt method. Good agreement between theoretical and experimental curves was obtained. Using these laser parameters, we have assessed the performance of dispersion supported transmission systems at 20 Gbit/s incorporating an erbium doped fibre amplifier (EDFA) or a semiconductor optical amplifier (SOA) as a booster amplifier. It is shown that the use of a SOA, with an unsaturated gain of 20 dB, improves the system performance for link lengths ranging from 8 to 20 km of standard single-mode fibre (SMF) due to partial chirp compensation in the SOA, and degrades the system performance between 1.2 and 2.5 dB for link lengths ranging from 30 to 50 km. The increase of the unsaturated gain of the SOA from 20 to 25 dB is only advantageous for link lengths ranging from 8 to about 12.5 km where a small performance improvement, less than or equal to 0.8 dB, is observed. The influence on the system performance of an increase of the laser line width enhancement factor from 2 to 3 is also investigated.
Introduction
Several sets of laser parameters have been published for simulation of optical transmission systems at 10 Gbit/s [1] [2] . Two new methods for extraction of laser parameters have also been reported. In [2] , a technique is described for extraction of laser rate equation parameters using measurements of the threshold current and of the output power, resonance frequency and damping factor, at a bias current well above the threshold current. Another new technique is described in [3] for extraction of laser parameters from intermodulation measurements of composite second-order and composite third-order distortion products.
However, with the increase of the bit rate up to 40 Gbit/s in optical transport networks, semiconductor lasers with 3-dB bandwidths of about 20 GHz are required if the four-level dispersion supported transmission (DST) method is used [4] [5] . As far as we know, a set of multiple-quantum-well (MQW) laser parameters for simulation of optical transmission systems at 20 Gbit/s has not been published up to now. Due to the lack of a consistent set of laser parameters for simulation of optical transmission systems at 20 Gbit/s, a set of MQW laser parameters is here presented for this purpose.
Using this set of laser parameters, we have assessed the performance of 20 Gbit/s dispersion supported transmission systems incorporating an erbium doped fibre amplifier (EDFA) or a semiconductor optical amplifier (SOA) as a booster amplifier. In [6] , it was shown that the chirp reduction in a SOA improves, for long link lengths, the performance of optical transmission systems using directly modulated lasers at 4.8 Gbit/s. Here, the use of a SOA is also considered in order to investigate the influence of partial chirp compensation on the performance of DST systems operated at 20 Gbit/s.
Besides, the use of SOAs may also become attractive due to their low cost, easy fabrication process, yield, reliability and compatibility with standard low cost packaging techniques [7] .
The remainder of this paper is organised as follows. In section 2, a set of MQW laser parameters adequate for simulation of optical transmission systems at 20 Gbit/s is presented, together with the method used for its extraction from measured IM characteristics. A modelling and simulation methodology, for performance assessment of optical transmission systems using directly modulated lasers and optically preamplified receivers, is described in section 3. The performance of DST systems at 20 Gbit/s, using an EDFA or a SOA as a booster amplifier, is assessed in section 4. Main conclusions are presented in section 5.
Estimation of MQW Laser Parameters
The set of MQW laser parameters has been estimated by joint fitting of an intensity modulation (IM) response model to five measured IM response curves of a strained layer MQW laser consisting of an active layer with 8 strained quantum wells of 7 nm thickness and 1% compressive strain, separated by barriers of 8 nm thickness, 0.9% tensile strain and bandgap 1.35 µm. The active layer thickness is 0.056 µm, the active layer width is 1.3 µm, the cavity length is 150 µm, and the confinement factor is 0.114. All details about this laser, which we had access to, have been made available by Working Group 1 of COST 240 in the WWW (World Wide Web) at the URL given in Advanced Photonic Telecommunications Components) can be found in [9] [10] . The IM response model of MQW lasers was obtained by applying the small signal analysis to the rate equations of MQW lasers given in [11] [12] . Although we have obtained very good fittings for individual curves, the simultaneous fitting of the five curves was very poor. We have then included thermal effects on the IM response model, since some lasers exhibit a strong non-linear dependence on temperature. A description of the used thermal model follows.
It is well known that long wavelength InGaAsP semiconductor lasers exhibit a strong temperature dependence of the threshold current [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Several mechanisms have been proposed to explain the observed high temperature sensitivity of the threshold current, such as direct and phonon-assisted Auger recombination processes [15] [16] [17] [18] [19] , inter valence band absorption [20] [21] , a strong temperature dependence of the differential gain [22] , and the net optical gain [23] . Besides, other researchers have also suggested that the exponential dependence of the threshold current on temperature, proposed by Pankov in 1968 [24] and widely accepted, is inappropriate [23, 25] . While there is no consensus on temperature dependence, it is generally agreed that Auger recombination is the dominant cause of the dependence of threshold current with temperature [13, [15] [16] [17] [18] [19] . Here, we also assume that Auger recombination causes the strong temperature sensitivity of the threshold current and, as a consequence, we consider that, in steady state, the laser mean temperature is proportional to the nonradiative dissipated power. In [26] , a thermal model for semiconductor lasers is proposed by Birne and Keating. The temperature dependent parameters considered in their model are the optical gain and the carrier density at transparency. Here, we have considered the carrier lifetime as the temperature dependent parameter instead of the optical gain and the carrier density at transparency, since the threshold carrier density does not increase as rapidly with increasing temperature as does the threshold current [13] . In the model of Byrne and Keating, the laser temperature is dependent on the input current and voltage. Since the laser input power is much larger than the radiated optical power and the laser mean input voltage is practically constant, we assume here that the laser temperature is proportional to the laser mean input current. Thus, the bimolecular recombination lifetime (carrier lifetime) may be written as [27] :
where τ n0 is the bimolecular recombination lifetime at a reference temperature, k T is a thermal constant dependent on the laser thermal characteristics and I b is the laser mean input current. The threshold current of MQW lasers also depends on the thermionic emission time from the quantum wells, and it has been shown [12] that this parameter also depends on temperature, but we have ignored this temperature dependence. Despite its simplicity, this model has proved to produce reasonable results, and it has been used to fit theoretical models to measured laser characteristics [28] and in the simulation of optical transmission systems [27] .
In order to perform the joint fitting of the five curves, the χ 2 merit function of the Levenberg-Marquardt method [29] needs to be extended to handle several curves. For an extension to m curves, the merit function may be written as: For the laser under study, the values of V w , and Γ (see table I for their meaning) were provided by Working Group 1 of COST 240. As a consequence, we have fixed these two parameters to these constant values and minimised the function given by (2) with respect to the other laser parameters which may be estimated from IM response measurements. The value of the merit function (least squares residual) for the optimal set of parameters is 82.2, which reveals a good fitting of the modelled curves to the measured ones, as shown in Fig. 1 . It is not possible to estimate all laser parameters from IM response measurements. Thus, typical values for the parameters which were not estimated (V s , g b , α, η) are also listed in Table I . The values considered for g b and η have been reported in [27] , and V s is assumed to be four times higher than V w [27] . The value of 2 was taken for the line width enhancement factor (α), since this is a typical value for a strained layer MQW laser with 8 quantum wells [30] . The estimated laser parameters listed in Table I are typical, with the exception of the value of the spontaneous emission factor (β sp ) which is slightly higher. A better way to estimate this parameter is from RIN (relative intensity noise) measurements, but these were not available. This parameter is very important since it was shown [31] that the contribution due to frequency-to-intensity conversion of laser phase noise, after propagation via dispersive fibres, is responsible for the BER floor observed in DST experiments at 10 Gbit/s for distances around 253 km SMF [32] . However, at 20 Gbit/s the maximum link length is less than 80 km (see section 4), and no BER floors (close to 10 -9 ) have been observed in our simulations even with this slightly higher value of β sp .
Modelling and Simulation Methodology
In this section, we describe the methodology used for simulation and performance assessment of dispersion supported transmission systems. The block diagram of the simulated DST system at 20 Gbit/s is shown in Fig. 2 , and a brief description of the system model follows. The pseudo-pattern generator (PPG) provides a pseudo-random binary sequence (PRBS) with 2 7 -1 bits. The optical transmitter includes a laser driver and a MQW laser. Assuming the laser driver behaves as a non-ideal current source, the NRZ drive current applied to the laser is generated with exponential rising and falling edges. The rise and fall times (between 20-80%) of the pulses are assumed to be 10.6 and 10.8 ps, respectively. For simulation of the dynamic response of MQW lasers, a rate equation model given in [11] [12] has been used jointly with a rate equation for the phase of the emitted optical field [28] . This model describes the carrier dynamics in quantum wells and in the separate confinement heterostructure (SCH), and the photon dynamics in the laser cavity, yielding the following set of equations written in terms of volumetric densities: 
where N b is a fictitious density, N s is the carrier density in the SCH, N w is the carrier density in the quantum wells, S is the photon density in the laser cavity, φ is the phase of the optical field, I is the injection current, q is the electronic charge, N wr is the carrier density in the quantum wells for the reference bias level, N br is the fictitious density corresponding to the carrier density in the SCH for the reference bias level, and the other symbols are defined in Table I .
Erbium doped fibre amplifiers (EDFAs) are assumed to be used in the configurations of booster and preamplifier and they have been modelled as wide-band linear repeaters. The EDFA used as optical preamplifier is assumed to have an equivalent noise bandwidth of 1 THz and a noise figure of 6 dB [33, 34] . The use of a SOA as a booster amplifier, instead of an EDFA, is also considered in order to investigate the influence of partial chirp compensation, due to self-phase modulation in the SOA, on the performance of DST systems. Using the approximation in which the internal loss is much smaller than the gain, the SOA may be modelled as [35] :
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where P in (t) and φ in (t) are the power and the phase of the input optical field, respectively, P out (t) and φ out (t) are the power and the phase of the output optical field, respectively, G(t) represents the integrated gain at each point of the pulse profile, e G0 is the unsaturated single-pass gain of the amplifier, α A is the line width enhancement factor, τ c is the spontaneous carrier lifetime, and E sat is the saturation energy. The following model parameters have been used in the simulations: τ c =100 ps, α A =5, and
The standard single-mode fibre (SMF) was modelled using the low-pass transfer function with first order dispersion of 17 ps/(nm.km). The PIN photodiode, the receiver main amplifier (AMP), and the low-pass filter (LPF) have been jointly modelled as a low-pass RC filter with the 3-dB bandwidth required by the DST method.
For performance evaluation, a pure semi-analytical method has been used, which combines noiseless signal transmission simulation with noise analysis in optical transmission systems using directly modulated MQW lasers and optically preamplified direct-detection receivers. Using that method with the Gaussian approximation, the average error probability has been estimated as in [36] . The optical amplifier noise model we use here is based on the model originally derived for semiconductor optical amplifiers [37] , and further extended to fibre amplifiers [38, 39] . In our model, the signal photocurrent, I k , is obtained by simulation, and signal dependent noise terms are evaluated for each bit of the PRBS. The voltage due to laser noise after the receiver filter is also included since it is responsible for the BER floor at 10 Gbit/s for distances around 253 km in the DST system [31] . The standard deviation of the noise voltage for the k-th bit of the PRBS is given by:
where σ 2 s-sp is the variance of the signal-ASE beat noise voltage, σ 2 sp-sp is the variance of the ASE-ASE beat noise voltage, σ 2 sh is the variance of the shot noise voltage, and σ 2 th is the variance of the thermal noise voltage, and σ 2 ld is the voltage due to the laser noise after the receiver filter. Being I sp the spontaneous emission noise photocurrent given by [39] :
variances of the noise voltage terms are given by:
e th R th
where B e is the electrical bandwidth, B o is the optical bandwidth, η is the quantum efficiency of the PIN photodiode, q is the electronic charge, h is Plank's constant, ν is the optical frequency, G is the optical preamplifier gain, L a is the loss between the optical preamplifier output and the photodetector input, n sp is the spontaneous emission factor of the EDFA, Z R is the receiver transimpedance, I th is the spectral current density of the thermal noise, which is assumed to be 10 pA/√Hz, H R (ω) is the receiver transfer function, and S out (ω) is the power spectral density of the laser intensity noise at the fibre output given in [40] .
Simulation Results and Discussion
Using the simulation methodology described in Section 3 with the laser parameters proposed in section 2, we assess, in this section, the performance of DST systems operated at 20 Gbit/s. For each fibre length, the system parameters, namely the laser bias current, the modulation current, and the receiver cut-off frequency, have been adjusted in order to minimise the input mean optical power of the EDFA preamplifier for an average error probability (BER) of 10 -9 (receiver sensitivity). Since, in practical systems, a limit for the maximum laser peak current is imposed in order to avoid the damage of the laser, in this work the maximum laser peak current was limited to 90 mA. As can be seen in this figure, the performance degradation after DST over 50 km of SMF, due to the use of a SOA, is 2.5 and 4.9 dB for unsaturated gains of 20 and 25 dB, respectively. In Fig. 6 , we have increased the laser line width enhancement factor (α) to 3, in order to investigate the influence of this parameter on the receiver sensitivity of DST systems at 20 Gbit/s. As may be seen, the system performance is improved due to the use of a SOA with an unsaturated gain of 20dB, for link lengths ranging from 6 to 12.5 km. For link lengths ranging from 30 to 50 km, the sensitivity reduction ranges between 2.5 dB at 30 km and 3.5 dB at 50 km, due to the use of the SOA instead of the EDFA.
For this value of the line width enhancement factor, the increase of the unsaturated SOA gain from 20 to 25 dB is only advantageous for link lengths ranging from 4 to 10 km, where a small performance improvement less than or equal to 0.85dB is observed.
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